While members of the APOBEC3 family of human intrinsic resistance factors are able to restrict the replication of Vif-deficient forms of human immunodeficiency virus type 1 (HIV-1), they are unable to block replication of wild-type HIV-1 due to the action of Vif, which induces their degradation. In contrast, HIV-1 Vif is unable to block inhibition mediated by APOBEC3 proteins expressed by several heterologous species, including mice. Here, we have asked whether the simple retrovirus murine leukemia virus (MLV) is sensitive to restriction by the cognate murine or heterologous, human APOBEC3 proteins. We demonstrate that MLV is highly sensitive to inhibition by human APOBEC3G and APOBEC3B but resistant to inhibition by murine APOBEC3 or by other human APOBEC3 proteins, including APOBEC3F. This sensitivity fully correlates with the ability of these proteins to be packaged into MLV virion particles: i.e., human APOBEC3G and APOBEC3B are packaged while murine APOBEC3 and human APOBEC3F are excluded. Moreover, this packaging in turn correlates with the differential ability of these APOBEC3 proteins to bind MLV Gag. Together, these data suggest that MLV Gag has evolved to avoid binding, and hence virion packaging, of the cognate murine APOBEC3 protein but that MLV infectivity is still restricted by certain heterologous APOBEC3 proteins that retain this ability. Moreover, these results suggest that APOBEC3 proteins may help prevent the zoonotic infection of humans by simple retroviruses and provide a mechanism for how simple retroviruses can avoid inhibition by APOBEC3 family members.
Intrinsic immunity to retroviral infection has recently emerged as a significant determinant of the species tropism of primate lentiviruses (2) . One important defense against retroviral infection is provided by the APOBEC3 family of proteins, which consists of up to seven distinct gene products in humans and other primates but of only a single gene in mice. The prototype of this family of intrinsic defense factors, human APOBEC3G (hA3G), was initially identified as a critical target for the human immunodeficiency type 1 (HIV-1) auxiliary protein Vif (21) . Specifically, cells that express hA3G are nonpermissive for replication of HIV-1 variants lacking a functional Vif gene. In the absence of Vif, hA3G is packaged into progeny HIV-1 virions due to a specific interaction with the nucleocapsid (NC) domain of the Gag polyprotein (1, 6, 14, 19, 28) . After infection of target cells, hA3G interferes with HIV-1 replication by massively editing deoxycytidine residues to deoxyuridine on the nascent DNA minus strand (10, 15, 26, 29) . This is thought to result in degradation of HIV-1 reverse transcripts or in the integration of lethally hypermutated proviruses (2) . In wildtype HIV-1-infected cells, in contrast, the viral Vif protein directly interacts with hA3G and targets this protein for degradation by the proteasome, thus preventing virion incorporation (8, 11, 17, 18, 22, 23, 27) . More recently, a second human APOBEC3 family member, APOBEC3F (hA3F), has been shown to also inhibit infection by Vif-deficient, but not wildtype, HIV-1 virions produced in its presence (3, 13, 24, 30) . hA3F, which is extensively coexpressed with hA3G in vivo, appears to function by a mechanism that is closely analogous to that of hA3G. Data suggesting that human APOBEC3B (hA3B) either does (3) or does not (25) inhibit HIV-1 infectivity have also been reported, while APOBEC3A (hA3A) and APOBEC3C (hA3C) are not inhibitory to HIV-1 (3, 24, 25) .
Although HIV-1 Vif is able to overcome the inhibition of virion infectivity mediated by hA3G and hA3F, HIV-1 Vif is inactive against several simian variants of hA3G and also cannot rescue the potent inhibition of wild-type HIV-1 infectivity seen upon expression of murine APOBEC3 (mA3) (4, 16, 20) . Similarly, the Vif protein encoded by African green monkey simian immunodeficiency virus (SIV) is inactive against both hA3G and mA3 (4, 16, 20) . Together, these observations have led to the suggestion that APOBEC3 proteins could play an important role in determining the species tropism of primate immunodeficiency viruses (2) .
While APOBEC3 proteins can strongly influence the replication of HIV-1 and other lentiviruses, their role in regulating the replication of other retroviruses has only begun to be explored. In this context, it is interesting to speculate as to the effect of APOBEC3 protein expression on the infectivity of simple retroviruses, such as murine leukemia virus (MLV), that do not encode a Vif ortholog or indeed any auxiliary proteins. Although Mariani et al. (16) have reported that hA3G does not influence the infectivity of MLV virions produced in its presence, several other groups have reported that hA3G is a potent inhibitor of MLV infectivity (3, 12, 15).
Interestingly, however, two groups have now reported that MLV infectivity is not reduced upon expression of levels of mA3 that can effectively inhibit HIV-1. Recently, Kobayashi et al. (12) have reported that this difference correlates with the ability of MLV to package hA3G, but not mA3, into MLV virion particles. However, this result disagrees with earlier data from the Landau laboratory (16) arguing that MLV efficiently packages both hA3G and mA3 into progeny virions.
In this article, we have addressed the mechanism underlying MLV sensitivity to specific APOBEC3 family members. We report that MLV virion infectivity is strongly inhibited by expression of hA3G and hA3B in trans but is largely unaffected by expression of the cognate mA3 protein or of several other human APOBEC3 proteins, including hA3F. Inhibition correlated with the specific packaging of hA3G and hA3B, but not mA3 or hA3F, into MLV virions, which in turn correlated with the ability of hA3G and hA3B, but not mA3 or hA3F, to bind the MLV Gag protein specifically. These data argue that the MLV Gag protein can distinguish between different APOBEC3 family members and suggest that MLV Gag has evolved to exclude the mA3 protein from MLV virion particles. However, MLV Gag retains the ability to bind, and package, the human APOBEC3 proteins hA3G and hA3B, and therefore MLV would likely be unable to replicate in human cells that express these proteins. These results suggest that APOBEC3 proteins may play an important role in determining the species tropism of simple retroviruses and provide an explanation for how simple animal retroviruses like MLV can avoid restriction by the APOBEC3 proteins expressed in their normal host species.
MATERIALS AND METHODS
Construction of molecular clones. The MLV proviral construct pNCS has been described previously (9) . The MLV-based luciferase expression construct pFB-Luc was obtained from Stratagene. The HIV-1 proviral constructs pNL-HXB-LUC-⌬Vif and pNL4-3⌬Vif⌬Env have been previously described (4, 24) . The vesicular stomatitis virus G expression plasmid pHIT/G (19) was used for pseudotyping MLV in infectivity assays. pcDNA3-based expression plasmids for hemagglutinin (HA)-tagged hA3A, hA3C, hA3F, hA3G, mA3 and ␤-arrestin 2 (␤ARR2) have been described previously (4, 15, 24) . A plasmid expressing hA3B was constructed similarly by PCR amplification of a full-length hA3B cDNA from a cDNA preparation derived from the human cell line K562. Additional versions of all the HA-tagged plasmids were constructed in the pK plasmid backbone (5) by cleaving the pcDNA3-based plasmids with HindIII and XhoI and then moving the excised cDNA into the corresponding sites present in the pK parental plasmid. Plasmids expressing full-length HIV-1 or MLV Gag (pK-HIV-GAG-GST, pK-MLV-GAG-GST) fused to a carboxy-terminal glutathione S-transferase (GST) moiety were derived in the same pK background by sequential insertion of the GST gene as a BamHI/NotI fragment, followed by insertion of a codon-optimized form of HIV-1 Gag (19), or the wild-type MLV gag gene, as a HindIII/BamHI fragment. Derivatives of pK-MLV-GAG-GST either lacking the carboxy-terminal nucleocapsid (NC) domain or containing only the MLV NC domain were prepared using standard techniques. A plasmid expressing nonfused GST was also constructed (pK-GST).
Cell culture and virion infectivity assays. 293T cells were cultured in 10% fetal bovine serum in Dulbecco's modified Eagle's medium and transfected using the calcium phosphate method. HIV-1 infectivity assays were performed as described previously (4) . MLV infectivity assays were performed by cotransfecting 293T cells with 1 g of the MLV proviral plasmid pNCS, 1 g of pFB-Luc, and 250 ng of pHIT/G. An additional 500 ng of plasmid DNA (hA3G or mA3 with the parental pcDNA3 plasmid as filler) was added for titration experiments. All remaining infectivity assays used 125 ng of an APOBEC3 expression construct. Forty-four hours posttransfection, virus-containing supernatant media were filtered through a 0.45-m-pore-size syringe tip filter (Whatman) and added to recipient cells. Twenty-four hours postinfection, cell lysates were harvested and assayed for luciferase activity as previously described (4, 24) .
Virion packaging of APOBEC3 proteins was analyzed largely as previously described (4, 24) . Briefly, 293T cells were transfected with either pNL4-3⌬Vif⌬Env or pNCS and an APOBEC3 expression plasmid. Forty-four hours later, virus-containing media were collected, filtered, and layered onto a 20% sucrose cushion. Virus was pelleted by centrifugation at 35,000 rpm for 1.5 h at 4°C in a Beckman SW41 rotor. Pellets were then lysed and analyzed by Western blotting. Western blot analysis. Cell lysates, virion lysates, and immunoprecipitates were subjected to sodium dodecyl sulfate (SDS) gel electrophoresis and then transferred to a nitrocellulose membrane. Membranes were probed with a mouse monoclonal antibody specific for the HIV-1 capsid protein (7), a mouse monoclonal antibody specific for the HA epitope tag (Covance), a goat polyclonal antiserum specific for the MLV capsid protein (a gift of Stephen Goff), or a mouse monoclonal antibody specific for GST (Santa Cruz). Reactive proteins were detected with the Lumi-Light Western blotting substrate (Roche) as previously described (4) . mRNA expression analysis. Analysis of the tissue expression pattern of mA3 mRNA was performed using semiquantitative reverse transcription-PCR (RT-PCR) (24) . Total RNA was isolated from a variety of mouse tissues and cell lines using TRIzol reagent (Invitrogen) according to the manufacturers' instructions. Peripheral blood lymphocytes (PBLs) were isolated from whole blood using Lymphocyte separation media (Cellgro) following the manufacturers' instructions. Purified T cells were a gift from Garnett Kelsoe. BW5147 is a mouse T-cell lymphoma line. All RNA preparations were treated with RQ1 RNase-free DNase (Promega) to remove any genomic DNA contamination. Ten micrograms of treated total RNA was subjected to reverse transcription using the StrataScript First Strand synthesis system (Stratagene) using the provided oligo(dT) primers. PCR was then performed using gene-specific primers for 30 cycles of PCR under standard conditions. Coimmunoprecipitation assays. To detect the binding of APOBEC3 proteins to HIV-1 or MLV Gag, 293T cells were cotransfected with 1.5 g of a plasmid expressing a GAG-GST fusion protein, or GST as a control, together with 1.5 g of a plasmid expressing an HA-tagged APOBEC3 protein, or HA-tagged ␤-ARR2 as a control. Forty-eight hours posttransfection, cells were harvested and lysed in 250 l of binding buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 5% glycerol, 1% Triton X-100). Fifty microliters of the lysate was retained for analysis of input protein expression levels. The remaining lysate was incubated with 75 l of glutathione Sepharose 4B beads (Amersham) for 1 h at 4°C. The beads were then washed three times with binding buffer, and bound proteins were removed by heating in the presence of SDS. To determine whether RNA was required for binding, the same protocol was used except that the lysate was incubated with 50 g/ml of RNase A (QIAGEN) for 15 min at 37°C prior to addition of the glutathione beads.
RESULTS
Murine APOBEC3 mRNA is widely expressed in vivo. One possible mechanism by which simple retroviruses such as MLV could avoid restriction by APOBEC3 proteins is to replicate in tissues that do not express these proteins. In the case of humans, hA3G and hA3F have been shown to be widely expressed while hA3B expression appears more limited (3, 24, 25) . To examine the tissue expression profile of mA3, we performed a semiquantitative RT-PCR analysis of mA3 mRNA expression in murine tissues. These data (Fig. 1 ) documented mA3 mRNA expression in a range of murine tissues, including T cells, a known target for infection by MLV. Indeed, MLV gained its name from its ability to induce T-cell leukemia in infected animals. The only tissues examined where mA3 expression appeared fairly low were liver ( Fig. 1 ) and skeletal muscle (data not shown). Together, these data argue that mA3 mRNA is expressed in tissues that are targets for MLV replication in vivo.
MLV infectivity is not affected by mA3 expression. Given that the mA3 gene is widely expressed in vivo, is MLV in fact sensitive to inhibition by mA3 or by the heterologous hA3G protein? To address this question, we cotransfected cells with the full-length wild-type MLV proviral clone pNCS (9) together with an MLV-based viral vector, pFB-Luc, encoding the luciferase indicator gene. We also cotransfected increasing levels of expression plasmids encoding hA3G or mA3. In parallel, we also transfected 293T cells with the previously described, Vif-deficient HIV-1 indicator construct pNL-HXB-Luc⌬Vif (4) and plasmids expressing either mA3 or hA3G. As shown in Fig. 2A , MLV infectivity was inhibited ϳ7-fold by cotransfection of 125 ng of hA3G and this inhibition increased to ϳ25-fold when 500 ng of hA3G was cotransfected. In contrast, cotransfection of an mA3 expression plasmid had no significant effect on MLV infectivity. Western analysis (Fig. 2C) demonstrated that hA3G did not inhibit the synthesis of MLV structural proteins in the cotransfected cells and that the level of expression of mA3 and hA3G was both comparable and proportional to the level of the transfected APOBEC3 expression plasmid.
The lack of inhibition of MLV infectivity by the mA3 protein was not due to the fact that the mA3 protein was inactive, as the same levels of mA3 potently inhibited the infectivity of HIV-1 virions (Fig. 2B) while not affecting the production of HIV-1 virion particles, as determined by enzyme-linked immunosorbent assay of the supernatant media for HIV-1 capsid production (data not shown). We therefore conclude that the infectivity of MLV virions is unaffected by levels of mA3 that effectively inhibit HIV-1 virion infectivity.
To extend this analysis, we asked whether MLV virion infectivity would also be affected by the expression of other human APOBEC3 proteins that have been reported to inhibit the infectivity of Vif-deficient HIV-1 and/or SIV (3, 13, 24, 25, 30) (Fig. 3) . In fact, MLV infectivity was strongly inhibited by not only hA3G but also hA3B. In contrast hA3F, which is a potent inhibitor of Vif-deficient HIV-1 (3, 13, 24, 30) , and hA3C, which has been reported to inhibit Vif-deficient SIV (25), did not markedly reduce MLV virion infectivity, although a reproducible, weak effect was noted (Fig. 3) .
MLV virions do not package the mA3 protein.
We next asked whether MLV would package the hA3G and mA3 protein into progeny virions. For this purpose, we used centrifugation through a sucrose cushion to collect Vif-deficient HIV-1 and wild-type MLV virions produced in the presence or absence of HA-tagged hA3G or mA3. We then performed a Western analysis on the lysed virions and producer cells using antisera specific for the HA-tag or the HIV-1 or MLV capsid protein. As shown in Fig. 4A , and as previously reported (16, 24) , Vif-deficient HIV-1 virions packaged both the hA3G and mA3 proteins, consistent with their sensitivity to both hA3G and mA3. In contrast, MLV virions efficiently incorporated the hA3G protein but did not incorporate detectable levels of mA3.
The data presented in Fig. 4A suggest that the sensitivity of MLV to inhibition by hA3G but not mA3 correlates with the incorporation of the former, but not the latter, into progeny virions. To explore whether this correlation could be extended to other human APOBEC3 proteins, we asked whether hA3B, a potent inhibitor of MLV infectivity (Fig. 3) , and hA3F and hA3C, which fail to inhibit MLV, could also package into MLV virions. As shown in Fig. 4B , we observed efficient packaging of hA3B and hA3G but little or no packaging of hA3F, hA3C, mA3, or hA3A. Therefore, the sensitivity of MLV to specific APOBEC3 proteins indeed correlates with virion incorporation.
Murine APOBEC3 fails to bind MLV Gag in vivo. In the case of hA3G, virion incorporation has been shown to be due to a specific interaction between hA3G and the NC domain of Gag, a process that also requires the presence of apparently nonspecific, i.e., nonviral, RNA (1, 6, 14, 19, 28) . To test whether the MLV Gag protein interacts with specific APO-BEC3 proteins in vivo, we coexpressed full-length HIV-1 or MLV Gag fused to GST, as well as HA epitope-tagged forms of hA3G, hA3F, hA3B and mA3, in 293T cells. After 48 h, cell lysates were incubated with glutathione Sepharose beads to recover protein complexes. After extensive washing, proteins bound to the beads were analyzed by Western blotting using antibodies specific for GST or the HA tag. As shown in Fig. 5A and B, none of the APOBEC3 proteins bound to GST while hA3G, hA3F, hA3B, and mA3 all bound to the HIV-1 Gag-GST fusion protein, as expected. In contrast, while hA3G and hA3B interacted specifically with the MLV Gag-GST fusion protein, no binding of mA3 or hA3F to MLV Gag was detected ( Fig. 5A and B) . Therefore, the incorporation of APOBEC proteins into MLV virions (Fig. 4) correlates with their ability to bind MLV Gag specifically (Fig. 5A and B) .
Binding of hA3G by MLV Gag is mediated by the NC domain and requires RNA. As noted above, incorporation of hA3G into HIV-1 virion particles is mediated by the NC domain of HIV-1 Gag (1, 6, 14, 19, 28) . MLV Gag also contains an ϳ10-kDa NC domain, which is located at the carboxy terminus of the Gag polyprotein. To test whether the NC domain of MLV Gag is also necessary and sufficient for specific binding FIG. 3 . hA3B, but not hA3F, inhibits MLV infectivity. One hundred twenty-five nanograms of each of the indicated APOBEC3 expression plasmids, or the pcDNA3 parental plasmid (None), was cotransfected into 293T cells along with pNCS and pFB-Luc, and the effect on MLV infectivity was analyzed as described in the legend to Fig. 2 .
FIG. 4. Specific packaging of APOBEC3 proteins into HIV-1 and MLV virions. (A) Analysis of hA3G and mA3 packaging into either
Vif-deficient HIV-1 or wild-type MLV virions. A total of 1.5 g of either pNL4-3-Luc-⌬Env⌬Vif or pNCS was transfected into 293T cells together with a plasmid expressing either hA3G-HA or mA3-HA, or the parental plasmid pcDNA3. Producer cell lysates and virion lysates were then subjected to Western analysis using an antibody specific for the HA epitope tag (␣HA). Virion lysates were also probed with an antibody specific for the CA protein of either HIV-1 or MLV (␣CA), as a loading control. (B) Specific packaging of hA3B but not hA3F into MLV virions. This MLV virion packaging experiment was performed as described for panel A using a range of APOBEC3 expression plasmids.
8204
DOEHLE ET AL. J. VIROL.
to hA3G in vivo, we expressed fusion proteins consisting of GST linked either to the MLV Gag NC domain alone or to a deletion mutant of MLV Gag (GAG⌬NC) precisely lacking the carboxy-terminal NC domain but retaining all other MLV Gag domains, including matrix, p12, and capsid. As shown in Fig. 5C , we detected a specific interaction of the MLV NC-GST fusion protein with hA3G while the MLV GAG⌬NC-GST fusion protein failed to bind hA3G detectably in vivo We therefore conclude that hA3G binding to MLV Gag, like hA3G binding to HIV-1 Gag, is mediated by the NC domain.
A key function for the Gag NC domain in the retroviral life cycle is to bind to the viral RNA genome and to recruit it into progeny virion particles. Interestingly, the interaction of hA3G with the HIV-1 Gag NC domain requires the presence of RNA, although nonspecific(i.e., cellular) RNA appears to function as well as viral RNA (19, 28) . The role of this RNA in mediating the HIV-1 NC-hA3G interaction remains unknown, and it remains possible that it simply serves as a bridge between two proteins that can bind RNA nonspecifically.
To test whether RNA also plays a role in mediating hA3G binding to MLV Gag, we subjected lysates of cells coexpressing MLV-Gag-GST and hA3G-HA to extensive digestion with RNase A prior to addition of the glutathione beads. As shown in Fig. 6A , RNase A digestion indeed blocked the ability of hA3G to interact with the MLV Gag protein. Similarly, as shown in Fig. 6B , RNase A digestion also blocked the ability of HIV-1 Gag to bind the mA3 protein. Therefore, RNA may be a general requirement for Gag binding by APOBEC3 proteins. These data, together with the finding that MLV Gag does not interact with either hA3F or mA3, even though these bind to HIV-1 Gag at readily detectable levels (Fig. 5A) , strongly argue against the hypothesis that the RNA is facilitating the Gag-APOBEC interaction by acting as a simple bridge and instead indicate that specific protein-protein interactions play a critical role in complex formation.
DISCUSSION
Although the role of the human APOBEC3 protein family as intrinsic antiretroviral resistance factors was first defined on the basis of the ability of hA3G, and subsequently hA3F, to block the infectivity of Vif-deficient HIV-1 (3, 13, 21, 24, 30) , it seems unlikely that the APOBEC3 proteins originally evolved to restrict infection of HIV-1 and other lentiviruses, given that these have only very recently crossed over into the human population. Moreover, the fact that rodents also en- FIG. 5 . The MLV Gag protein binds to hA3G and hA3B, but not to mA3 or hA3F. (A) 293T cells were cotransfected with plasmids expressing wild-type GST, or GST fused to the full-length HIV-1 or MLV Gag protein, together with plasmids expressing HA-epitopetagged forms of hA3G, hA3F, or mA3 or the cytoplasmic ␤-ARR2 protein as a negative control. After cell lysis, GST proteins were collected by incubation with glutathione Sepharose beads and coprecipitated proteins were detected by Western analysis using an antibody specific for the HA-epitope tag (␣HA). Controls include Western analysis of the bound beads using a GST-specific antiserum (␣GST) and Western analysis of the input cell lysate, prior to incubation with the glutathione beads, using an HA-tag-specific antiserum. Here, we demonstrate that MLV is highly sensitive to restriction by the heterologous human APOBEC3 proteins hA3G and hA3B but is resistant to inhibition by the cognate mA3 protein and by the human proteins hA3A, hA3C, and hA3F ( Fig. 2 and 3 ). This pattern of sensitivity correlates with the finding that MLV virions package hA3G and hA3B but exclude mA3, hA3A, hA3C, and hA3F (Fig. 4) . This in turn appears to be due to the fact that MLV Gag specifically interacts with hA3G and hA3B, but not mA3 or hA3F, in vivo ( Fig.  5A and B) . Therefore, we propose that MLV has evolved to selectively exclude the cognate mA3 protein from virion particles, thus neutralizing this intrinsic restriction pathway in its normal host species. In contrast, MLV remains fully susceptible to two human APOBEC3 proteins (i.e., hA3G and hA3B) and we hypothesize that the presence of these gene products would tend to prevent the crossover of MLV from rodents to humans as a zoonotic infection. Therefore, our data are consistent with the hypothesis that the APOBEC3 proteins may have evolved to prevent the productive infection of cells by simple and/or complex retroviruses derived from heterologous species. Unfortunately, in the case of HIV-1 and HIV-2, the chimpanzee and sooty mangabey SIV strains were able to overcome this intrinsic resistance barrier due, at least in part, to the fact that these viruses encode Vif proteins that are able to induce the degradation of not only simian but also human APOBEC3G and APOBEC3F (4, 16, 20) .
An interesting question that remains unresolved is how MLV Gag distinguishes between hA3G and hA3B on the one hand and mA3 and hA3F on the other (Fig. 4 and 5) . Comparison of the amino acid sequences of these proteins provides no obvious clues, as the three human proteins are all from 50% to 59% identical to each other. (hA3G and hA3F are the most dissimilar, while hA3B and hA3F are the most similar.) Moreover, all three human APOBEC3 proteins are from 32% to 34% identical to mA3 at the amino acid level. It is interesting to note, however, that mA3, like hA3F, prefers to edit the deoxycytidine, marked by an asterisk in the viral DNA target sequence TTC*, while hA3G prefers to edit CCC* (12, 13, 24) . Perhaps these distinct consensus editing sequence preferences correlate with MLV Gag binding specificity.
In the case of HIV-1, hA3G inclusion into virions is mediated by the NC domain of the Gag polyprotein and is dependent on the presence of cellular RNA (1, 6, 14, 19, 28) . The role of the RNA has remained unclear. However, the RNA may facilitate the formation of a specific hA3G/NC complex by, for example, inducing an appropriate conformation in one or both of these RNA binding proteins (26) . Alternately, one could propose that the RNA simply serves as a bridge and that no specific protein-protein interaction is required.
In this article, we demonstrate that the NC domain of MLV Gag is both necessary and sufficient for specific binding to hA3G in vivo (Fig. 5C ) and that the interaction of full-length MLV Gag with hA3G is RNA dependent (Fig. 6A ). While these characteristics are therefore shared between HIV-1 and MLV Gag (1, 6, 14, 19, 28) , MLV Gag differs in that it is unable to bind to two APOBEC3 proteins (i.e., mA3 and hA3F) that are fully able to interact with HIV-1 Gag (Fig. 5A) . Moreover, we demonstrate that formation of the HIV-1 Gag/ mA3 protein complex is again RNA dependent (Fig. 6B) . Together these data clearly demonstrate that RNA is not simply acting to nonspecifically bridge retroviral Gag and host APOBEC3 proteins but rather argue that formation of the Gag/APOBEC3/RNA ternary complex is dependent on specific protein-protein interactions. How this complex is formed and how the RNA participates in complex formation remain critical issues for future investigation.
